Theileria annulata is a tick-borne intracellular protozoan parasite that causes tropical theileriosis, a fatal bovine lymphoproliferative disease. The parasite predominantly invades bovine B lymphocytes and macrophages and induces host cell transformation by a mechanism that is not fully comprehended. Analysis of signaling pathways by quantitative real-time PCR (qPCR) could be a highly efficient means to understand this transformation mechanism. However, accurate analysis of qPCR data relies on selection of appropriate reference genes for normalization, yet few papers on T. annulata contain evidence of reference gene validation. We therefore used the geNorm and NormFinder programs to evaluate the stability of 5 candidate reference genes; 18S rRNA, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ACTB (β-actin), PRKG1 (protein kinase cGMP-dependent, type I) and TATA box binding protein (TBP). The results showed that 18S rRNA was the reference gene most stably expressed in bovine PBMCs transformed and non-transformed with T. annulata, followed by GAPDH and TBP. While 18S rRNA and GAPDH were the best combination, these 2 genes were chosen as references to study signaling pathways involved in the transformation mechanism of T. annulata.
INTRODUCTION
From the first report in 1993 describing real-time PCR detection [1] , quantitative real-time PCR (qPCR), as the "gold standard" technology, has been used to quantify nucleic acids in many fields of biological research [2] . It has advantages in high sensitivity, outstanding accuracy, and a broad dynamic range compared with reverse transcription PCR (RT-PCR) [3] . It can quantify both the absolute and relative amounts of a gene [4, 5] . In the absolute quantification method, the copy number of the gene is calculated by a standard curve generated using a target gene with known copy number. In relative quantification, expression level is measured relative to a reference gene whose expression is presumed to be stable under different experimental conditions [6, 7] . The use of the right reference genes can correct deviations caused by variations in template quality, experimental conditions, or amplification efficiency. However, no single reference gene can be used under all experiment conditions [8] . Therefore, in order to acquire perfect experimental results, the choice of reference gene is critically important.
In recent years, increasing numbers of reference genes are being screened, such as 18S rRNA [9] , GAPDH [10] , ACTB [11] , PRKG1 [12] , TBP [12] , and so on. However, previous research has shown that the expression of many reference genes varied with tissue, developmental stage, and experimental conditions [13, 14] . Thus, demands were placed on researchers to determine suitable reference genes according to different experimental material. The Microsoft Excel-based software programs, geNorm (ver. 3.5) [15] , and NormFinder (Ver 0.953) [16] can be used to assess candidates of reference genes. For geNorm and NormFinder, data were analyzed by transforming raw cycle threshold (Ct) values into relative quantities using the delta-Ct method.
Theileria annulata is a tick-borne intracellular protozoan par- asite that is the causal agents of tropical theileriosis [17] . When a bovid host is bitten by ticks, T. annulata sporozoites rapidly invade B lymphocytes and macrophages, and then differentiate into schizonts [18] . The infected cells acquire characteristics of transformed cells, and induce continuous proliferation of infected cells and parasites in vitro [19] . These parasitized cells are considered immortalized. To date, T. annulata and the closely related parasites Theileria parva and Theileria lestoquardi are the only known eukaryotes to induce uncontrolled host cell proliferation. More interestingly, this parasite-induced transformation is reversible by killing the parasite with a specific drug (buparvaquone) with no effect on non-infected host lymphocytes [20] . This provides us with a model for studying the pathogenesis of immortalized cells.
A valid method to understand the transformation mechanism of T. annulata transformed host cells could be to explore signal transduction pathways of the immortalized mechanism in transformed and non-transformed cells by relative qPCR analysis. Nevertheless, no reference genes have ever been evaluated in T. annulata-transformed bovine cell lines. Therefore, 5 reference genes, 18S rRNA, ACTB, GAPDH, TBP, and PRKG1 (Table 1) , that are known to be stably expressed in other organisms in previous studies, were selected and evaluated for stability using 2 software programs: geNorm and NormFinder. These programs can provide information for selecting suitable reference genes and normalizing gene expression in T. annulata-transformed and non-transformed bovine host cells.
MATERIALS AND METHODS

Ethical approval
Ethical approval was given by Lanzhou Veterinary Research Institute Ethics Committee, CAAS (no. LVRIAEC2013-010). The use of experiment samples was approved by the Animal Ethics Procedures and Guideline of China.
Cell line and cell culture
Establishment and maintenance of T. annulata Inner Mongolia (TaIM) transformed bovine cell line was performed as previously described [21] . Cells were cultured at 37˚C in an atmosphere of 5% CO2 using RPMI 1640 (Gibco-BRL, Shanghai, China), 10% heat-inactivated fetal bovine serum (Invitrogen, Paisley, UK), 100 U/ml penicillin (Sigma-Aldrich, Shanghai, China), and 100 mg/ml streptomycin (Sigma-Aldrich). Cells were passaged every 2-3 days. Isolation of PBMCs from uninfected calves Calves, 0.5 to 1 year old, were purchased from Lintao County, Gansu province, China. Blood samples from calves were tested for the presence of Theileria using microscopic examination and a PCR assay using 989/990 primers [22] . Only those that tested negative were used in this experiment. PBMCs of the calves were isolated using Ficoll-Hypaque solution (Haoyang Biological Manufacture Co., Ltd, Tianjin, China) by density gradient centrifugation as described [23] . PBMCs were cultured in RPMI 1640 complete medium, i.e., RPMI 1640 supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin (Sigma-Aldrich) and 100 mg/ml streptomycin (Sigma-Aldrich). After 3 days, cells were collected by centrifugation and lysed in 1 ml of TRIZOL reagent (Takara, Dalian, China)/5 × 10 6 cells by repetitive pipetting. The cell lysates were stored at -80˚C until needed.
Selection of reference genes A total of 5 candidate genes were selected from previous reports. These have been selected as reference genes in cattle and lymphoid malignancies and included 18S rRNA, ACTB, GAP-DH, PRKG1, and TBP. The Primer Premier 5 software was used to design the primers. All the primers were synthesized in Sangon Biotech (Shanghai, China). The full gene name, accession ID, primers, product size, and melting temperature are shown in Table 1 .
RNA extraction and cDNA synthesis
Total RNA was extracted from 5× 10 6 cells of T. annulata transformed cell lines and PBMCs of uninfected calves using TRIZOL reagent (Takara) according to the manufacturer's instructions. Each sample was represented by 3 biological replicates. RNA was treated with DNase I (Invitrogen) to remove contaminating genomic DNA. The purity and concentration of the total RNA were measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, Delaware, USA). Integrity of total RNA samples was also assessed by 1% ethidium bromide agarose gel electrophoresis. First-strand cDNA synthesis was performed with Random hexamer primed Reverse Transcription Superscript III (Invitrogen) according to the manufacturer's instructions. cDNA was quantified using a NanoDrop 2000 spectrophotometer. All cDNA samples were diluted to 0.5 µg/μl using DEPC-treated water and stored at 80˚C until needed for qPCR analysis. ) were used as the template to evaluate the stability of candidate reference genes (18S rRNA, GAPDH, ACTB, TBP, and PRKG1). Average Ct values from 3 replicates were exported to Microsoft Excel 2007 and analyzed using geNorm (version 3.5) and NormFinder (version 0.953). For geNorm and NormFinder analysis, raw Ct values were transformed to relative quantities using the 2 -delta Ct equation [25] , where delta Ct = Ct sample-Ct min. Ct sample is the raw Ct value for each gene, and Ct min is the minimal raw Ct value over a range of samples.
RESULTS
The quality of total RNAs
The ratio OD 260/280 and concentration of total RNA obtained from T. annulata-transformed cells were 2.00 and 2,500 ng/μl, respectively. The corresponding values for PBMCs of uninfected calves were 1.92 and 2,300 ng/μl. The ratio of 28S and 18S rRNA products was roughly 2:1 by electrophoresis on 1% (w/v) agarose gels, indicating that the degradation of RNA was minimal. Therefore, the purity and integrity of all the RNA samples were appropriate for synthesizing the cDNA template.
RT-qPCR amplification of reference genes
The specificity of the primers was evaluated by the dissociation curve of the RT-qPCR in serially diluted cDNA samples of T. annulata-transformed cells and PBMCs of uninfected calves ). The results showed that all reference genes produced a single peak that confirmed a unique amplification (Fig.  1 ). Expression levels of 5 candidate reference genes were analyzed using Prism software. Transcript abundance was higher in 18S rRNA than in all the other candidate reference genes (Fig. 2) . The standard curve method was used to estimate amplification efficiency and parallelity of reference genes from 10-fold serially diluted cDNA samples of bovine PBMCs transformed and non-transformed with T. annulata. The results indicated that only 18S rRNA and GAPDH exhibited good linear relationships between the Ct values and -log10 (concentration) in a variety of diluted concentrations (Fig. 3) . The amplification efficiencies of 5 reference genes were determined and ranged between 81.2% and 120.1%, and correlation coefficients (R 2 ) ranged from 0.8689 to 0.9979 (Table 1) .
Expression stability of selected reference genes
GeNorm analysis
GeNorm was used to evaluate the stability of candidate reference genes as previously described by Vandesompele et al. [15] . Our results showed that the 18S rRNA gene had the highest stability, followed by GAPDH, TBP, ACTB, and PRKG1. The individual M (average expression stability) values were 1.207, 1.332, 1.423, 1.500, and 1.885, respectively ( Table 2 ). The geNorm analysis determined that 18S rRNA and GAPDH were the best combination (Fig. 4) .
NormFinder analysis
The stability of the reference genes can also be evaluated by the NormFinder program. This program is based on a statistical and mathematical model. The stability value of reference genes was calculated by intra-and intergroup variation. The most stably expressed gene has the lowest expression stability value. The calculated stability values of the 5 candidate reference genes are listed in Table 2 . According to NormFinder analysis results, the most stable reference gene was 18S rRNA, with an M value of 0.206, followed by TBP, ACTB, GAPDH, and PRKG1. The best combination of 2 genes was 18S rRNA and GAPDH with a stability value of 0.1560 (Table 2 ).
Validation of optimal reference genes
The optimal reference genes have been evaluated by data analysis. GeNorm confirmed that 18S rRNA was the most stably expressed gene, and 18S rRNA and GAPDH were the best combination. Normfinder gave the same results (Table 2) . Moreover, by dissociation curve analysis, it was shown that 5 reference genes had better primer specificity. Standard curve analysis results indicated that only 18S rRNA and GAPDH exhibited good linear relationships under various degrees of dilution. On the basis of the above analyses, we proposed that the combination of 18S rRNA and GAPDH could be chosen to analyze the signaling pathways involved in the transformation mechanism of T. annulata.
DISCUSSION
To our knowledge, this is the first study to validate a set of candidate reference genes for RT-qPCR in bovine PBMCs transformed and non-transformed with T. annulata. In this report, 5 candidate reference genes were assessed for expression stability using variously diluted cDNA samples of T. annulata-transformed cells and PBMCs from uninfected calves. Although an accurate and sensitive quantification method for gene expression analysis, the results of qPCR are affected by many factors, including the selection of reference genes. An ideal reference gene should be expressed at a constant level among different samples, and should be unaffected by experimental treatment. To date, 18S rRNA, GAPDH, and ACTB are the most common reference genes used in qPCR, and suitable for most samples [9] . In addition, Lossos et al. [12] demonstrated that TBP and PRKG1 were more stable as reference genes with qPCR of lymphoma malignancies. Therefore, 5 candidate reference genes were selected to evaluate their stability in qPCR studies of signaling pathway analysis of the transformation mechanism using samples of T. annulata-transformed cells and PBMCs of uninfected calves.
In order to obtain reliable experimental results from qPCR, the purity and integrity of all RNA samples are of crucial importance. In this study, the absorbance ratio of each sample at OD 260/280 was close to 2.0. In addition, the integrity of the total RNA was determined by electrophoresis; this showed that the ratio of 28S and 18S rRNA products was roughly 2:1. Also, The quality of results obtained from qPCR was related to the specificity and efficiencies of the amplification of reference genes. The specificity of the reference genes was evaluated by the dissociation curve of the qPCR. The dissociation curve of the qPCR analysis results showed that all primers produced a single peak with a specific amplification. Beside this, it should exhibit good linear relationships under degrees of various dilutions [26] . In this study, by analyzing the standard curve, only 18S rRNA and GAPDH exhibited good linear relationships under different degrees of serial dilutions of bovine PBMCs transformed and non-transformed with T. annulata. The amplification efficiencies of each reference gene were determined through the standard curve from RT-qPCR. The results showed that the amplification efficiencies of 5 reference genes ranged between 81.2% and 120.1%, and the amplification efficiencies of 18S rRNA, GAPDH, and PRKG1 (more than 91%) were higher than those of ACTB and TBP. Only genes with amplification efficiency between 90% and 120% were used for further statistical analysis. Therefore, in view of the results of the specificity and efficiencies of amplification of reference genes, it was considered that 18S rRNA and GAPDH can be used as reference genes in signaling pathway studies of the transformation mechanism of T. annulata.
In this study, the stability of reference genes was evaluated using geNorm and NormFinder. These 2 programs are commonly used algorithms to determine the stability of reference genes [15] . The geNorm program uses a pair-wise comparison approach based on the assumption that none of the genes being analyzed are co-regulated, whereas NormFinder uses an intra-and inter-group variation approach to evaluate reference genes, thereby avoiding the influence of gene co-regulation [27] . Because different programs have different mathematical algorithms, respectively, there may be discrepancies in the results of best reference genes and the stability rankings between them. The results obtained in our study showed a similar phenomenon. The stability rankings of the reference genes in the 2 programs were 18S rRNA, GAPDH, ACTB, TBP, and PRKG1 for geNorm, and 18S rRNA, TBP, ACTB, GAPDH, and PRKG1 for NormFinder. The most stable reference gene was 18S rRNA, and the best combination of 2 genes was 18S rRNA and GAP-DH in both analyses.
However, there is debate about 18S rRNA as a stable reference gene. Some researchers believe that 18S rRNA as a control gene reduces the ability and sensitivity to detect differentially expressed genes because of its very high abundance [12] . Nevertheless, 18S rRNA has repeatedly been used to normalize gene expression in qPCR [28] . ACTB and GAPDH have been validated as the most stable reference genes in many species [29, 30] , However, several studies have shown different results using these genes as references [3, 31] . In our study, ACTB had lower efficiencies of amplification in PBMCs of uninfected calves by T. annulata but GAPDH showed better performance than ACTB in these aspects. Therefore, GAPDH is more suited than ACTB as a reference gene in our research. PRKG1 and TBP are less frequently used as reference genes. However, Lossos et al. [12] found that PRKG1 and TBP genes were the most suitable ones for RNA quality and quantity control in both B and T cells and tumors.
In our results, the efficiencies of TBP amplification were less than 91% in T. annulata-transformed cells, and PRKG1 had the least abundant mRNA. Therefore, PRKG1 and TBP are not suited as reference genes in this study.
In conclusion, 5 candidate reference genes (18S rRNA, GAP-DH, ACTB, TBP, and PRKG1) were comprehensively assessed by dissociation curve, standard curve, geNorm, and Normfinder. The results showed that 18S rRNA and GAPDH could be used in studies to analyze the signaling pathways involved in the transformation mechanism of T. annulata.
